From three numerical examples related to the separation of «C5 and wC6 fraction from nC5~nCQmixture at atmospheric pressure, that of C2 fraction from C2~C3mixture at high pressure and extractive distillation, it has been confirmed that the proposed method provides a stable solution as comparedwith the matrix methods by Amundsonet al. and Saito et al.9 it retains the simplicity of the matrix method, and the storage required for the main array in this method is obviously less than that for the original gradient method by Naphtali et ah
obtained by solving the tridiagonal matrix by making the component material balance for a given t. The temperature vector is corrected by the conjugated gradient method suggested by Fletcher and Reeves.
From three numerical examples related to the separation of «C5 and wC6 fraction from nC5~nCQmixture at atmospheric pressure, that of C2 fraction from C2~C3mixture at high pressure and extractive distillation, it has been confirmed that the proposed method provides a stable solution as comparedwith the matrix methods by Amundsonet al. and Saito et al. 9 it retains the simplicity of the matrix method, and the storage required for the main array in this method is obviously less than that for the original gradient method by Naphtali et ah The distillation process is a well-known unit operation to separate liquid mixtures and is widely used in the chemical and petroleum industries. Useful calculation methods to solve the operation problem for distillation may be essentially classified into the following items : matrix method1'n),^-method6\ and relaxation method8\ Some attempts have recently been made to improve practical use both by combining matrix method with^-method and by modifying the method itself with the advantage of electronic computer technics.
Some attempts have been reviewed by several investigators5 '12) .
In this paper a new approach using the conjugated gradient method, which provides the stable solution to the mass and heat balance equations, is proposed. This method retains simplicity as well as the Thomas algorithm used in the ordinary matrix method, and may be applicable to similar stagewise operations.
Formulation of Problem
For simplicity an ordinary distillation column with single-feed plate and without any side-cut streams is treated as the model column, and the feed is supplied as saturated liquid.
Let us number the plates downfrom the top of column, so that the total condenser, the feed plate and the reboiler are assigned the symbols 1, / and N, respectively. The fundamental equations for solving distillation problems are derived by making material and heat balances around y-th plate of the model. Overall material balance :
Li.1-(Vi+Li)+ Vi+1=-Fi (1) Componentmaterial balance :
Heat balance :
where FjX3-=09 Fjh3=0 at./^/, F,-x(i)=FxF(i) and
Fjhj-Fhp at j=f. On the other hand, the relationship between vapor and liquid compositions can be expressed by yi(i) =Kj(i)xj(i) (4) where the assumption of ideal stage is used. (6) Eq. (5) is a nonlinear simultaneous equation with respect to x/z) and tj9 but this equation can be regarded as a linear equation if the element mjjk(k= j-1,7,7+ 1) *s given by a constant, which can be solved by the Thomas method. This is the first characteristic of the original matrix method1}. However, the elements are affected by the temperature profile in the column. Therefore, the relationships J]xj(i)=l and 0<x,<l for all y are unsatisfied unless the profile is given exactly. Then, Xj{i) is corrected by the treatment of normalization, and the elements mjtk are modified by calculating the bubble point with normalized Xj(i) and by calculating Eq. (3) with new values of Hj and hf obtained from the normalized
This procedure is the second characteristic of the original matrix method. But it can be shown that when the liquid mixture has nonideality this method will fail to converge in general. Saito et al.9) improved this method by using the concept of perturbation theory to correct the component activity coefficient.
Tomich10) and Naphtali et alP proposed the matrix method with Newton-Raphsonmethod to solve the material and the heat balances simultaneously.
To obtain a stable solution for the distillation problem, the conjugated gradient method by Fletcher and Reeves3) is herein applied.
Let us now define an objective function <fi(t) as follows :
where X-J^Xjii), t is the liquid temperature vector 3 and Wj denotes a weight factor for platej. It is considered that the value of <fi(t) must be zero whenthe calculation has converged with an infinite number of significant figures.
Since the actual calculation is carried out by several number of significant figures, (})(t) has a finite value which depends upon the accuracy of calculation.
Generally, <j)(t) has a single peak around the solution.
Based on the consideration mentioned above, it will be concluded that to solve the distillation problem can be reduced to solving the nonlinear optimization problem with the following objective function :
Subject to Eqs. (3) and (5) dtNJ (9) Hence, the temperature vector is corrected by t +^opt<* (10) where d is calculated by the following equations. For initial step :
d=-g (l l ) where this equation implies that t is corrected in the direction of the maximumgradient For general routine : (12) where this equation shows that t is corrected in the direction of the conjugated gradient.
According to the original conjugated gradient method3), the calculation of Eq. (12) is repeated until v=N\ where N' shows number of variables for general problem. In this work, however, as suggested in Fig. 1 , maximumvalue ofv is given by a finite number p which is less than N', to eliminate the truncation error in Eq. (12), then, for v=p+1 the step returns at v=l. Furthermore, 2opt in Eq. (10) to accelerate and stabilize the convergence is obtained by minimum values of the equation
+min.
where the golden section method is useful to obtain opt. The graphical meaning of the presentation of Xovt is shown in Fig. 2 for two variables of tj. This procedure is repeated until the convergence function used in the distillation calculation has converged within a certain accuracy.
The procedure to obtain d<fi/dtk is as follows: The differentiation of Eq. (7) gives Then, g is calculated by Eq. (9). Thus, the temperature vector is corrected by Eq. (10).
Discussion and Conclusion
To examine the proposed method, three numerical examples for calculating xD(i) and xw(i) under the given operating condition are illustrated. The first example given in Table 1 is related to the separation of nC5 and nC6 fractions from nC5~nC9 mixture at atmospheric pressure.
Under the given condition of convergence, \X~l|max<10~3, the solution, number of iteration and C.P.U. time required by use of I.B.M. 370-168 are given in Table 2 , where w3-is unity for allj. For this example much more C.P.U. time for the proposed method is required as compared with the primitive matrix method1\ The second example shown in Table 3 Table 3 Statement of numerical example 2   Table 4 Solution of numerical example 2 high pressure, where the Cox-Antoine constants, A(i), B{i) and C(i) are correlated by using the Kvalue estimated from the method proposed by Chao and Seader2).
Under the same condition of convergence and Wj as in the first example, the solution is given in Table 4 . The C.P.U. time required for the proposed method is almost the same as that for the primitive matrix method1\
The third example is related to the extractive distillation shown in Table 5 , where constant molar rates of vapor and liquid are assumed. In this ex- Table 5 Statement of numerical example 3   Table 6 Solution of numerical example 3 ample, Eqs. (1)~(3) are corrected as follows:
where suffixfx denotes the main feed and/2 the solvent feed. For the same condition of convergence as in the examples 1 and 2, the solution is given in Table  6 , where the iteration method by use of the concept of perturbation theory9) has been applied to correct the component activity coefficient. Also, the variation of molar rate of liquid throughout the column has been considered to evaluate w5 in each section. In this example the solution by use of the matrix method9} has not converged.
As observed in the solutions mentioned in Tables  2, 4 and 6, it can be shown that the proposed method has the remarkable advantage of a stable solution with a small number of iteration steps as compared with other matrix methods1>9).
It is well-known that the matrix method with Newton-Raphson method is useful to solve nonlinear simultaneous equations.
Therefore, several investigators7'1^have proposed the socalled gradient method to solve Eq. (5). This method, however, is not certain to obtain a stable solution in general when the variable increases. So some attempts43 have been made to improve the original gradient method, whereas the present method provides a stable solution even when the number of components and theoretical plates increase.
Moreover, in this work the storage required for the main array can be shown as follows :
where Cn denotes the number of components. Thus, the total storage required in this work is obviously less than N(2C*+9Cn+6), which is required in the original gradient method7\ 
